In a recently completed case-control epidemiological study, the New Jersey Department of Health and Senior Services (NJDHSS) with support from the Agency for Toxic Substances and Disease Registry (ATSDR) documented an association between prenatal exposure to a specific contaminated community water source and leukaemia in female children. An important and necessary step in the epidemiological study was the reconstruction of the historical water supply strategy of the water distribution system serving the Dover Township area, New Jersey. The sensitivity of solutions to: (1) pressure and pattern factor constraints, (2) allowable operational extremes of water levels in the storage tanks, and (3) the non-uniqueness of the water supply solution are analysed in detail. The computational results show that the proposed approach yields satisfactory results for the complete set of monthly simulations and sensitivity analyses, providing a consistent approach for identifying the historical water supply strategy of the water distribution system. Sensitivity analyses indicated that the alternative strategy obtained from the revised objective function and the variation of constraints did not yield significantly different water supply characteristics. The overall analysis demonstrates that the progressive optimality genetic algorithm (POGA) developed to solve the optimization problem is an effective and efficient algorithm for the reconstruction of water supply strategies in water distribution systems.
INTRODUCTION
In a recently completed case-control epidemiological study (NJDHSS 2003) , the New Jersey Department of Health and Senior Services (NJDHSS) documented a statistically significant association and consistency in multiple measures of association between prenatal exposure to time-specific contaminated community water source (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) and leukaemia in female children of all ages (odds ratio (OR) of 5.0 and 95% confidence interval (CI) of 0.8-3.1). An important and necessary step in the epidemiological study was the reconstruction of the historical water supply strategy of the water distribution system serving the Dover Township area, New Jersey. The models and solution algorithm (POGA) used to reconstruct the historical water supply to the distribution system are described in an accompanying paper by the authors (see Part A, this issue). The analyses were based on extensive collections and aggregation of data derived from historical records of the water distribution system and on field data collected for the present-day (1998) water distribution system (Maslia et al. 2000a .
As part of the epidemiological study, exposure indices were calculated. The indices were derived by determining the percentage of water that study subjects may have received from each point of entry (i.e. wells and well fields) to the water distribution system. The percentage or proportionate contribution of water thus became a surrogate for exposure pathways and exposure intervals.
This approach allowed epidemiologists to assess more accurately the association between the occurrence of childhood cancers and exposure to each of the sources of potable water entering the distribution system, including those known to have been historically contaminated.
Complete details pertaining to the historical reconstruction of the water supply to the water distribution system, including historical databases, are provided in Maslia et al. (2001) .
Using the formulation and the solution algorithm described in Part A of this paper, (this issue), water supply strategies for the distribution system were obtained for each month of the study period (January 1962 -December 1996 , as required by the epidemiological study protocol (NJDHSS 2003) . Examples of results obtained using the progressive optimality genetic algorithm (POGA) solution strategy presented in this paper demonstrate the effectiveness of the proposed solution method. Results obtained from two different optimization models are also analysed to evaluate the effect of the non-uniqueness of the water supply strategies on the proportionate contribution of water to locations serviced by the distribution system. The sensitivity of the solution to constraints of the problem is also investigated through extensive sensitivity analyses.
The results of these analyses are discussed in this section of the paper.
BACKGROUND Water distribution system configuration
The configuration of the water distribution system serving the Dover Township area, such as the number of pipelines, wells, storage tanks and high-service and booster pumps (hereafter referred to as 'pumps'), changed each year during the historical period. • approximately 2,400 pipe segments ranging in diameter from 2 to 12 inches (5 cm to 30 cm) and comprising a total service length of 77 miles (124 km);
• three groundwater extraction wells (two well fields) with a rated capacity of 1,900 gal min − 1 (7,192 l min − 1 );
• one elevated storage tank and standpipe with a combined rated storage capacity of 0.45 Mgal (1.70 Ml); and
• total annual production of 359 Mgal (1,359 Ml), which included the production of about 1.3 MGD (4.9 Ml day − 1 ) during the peak production month of May.
In contrast, in 1996 -the last year of the historical reconstruction period -the water distribution system served nearly 44,000 customers from a population of about 89,300 persons (Board of Public Utilities, State of New Jersey 1996) and was characterized for modelling by (Part A, Figure 2 ):
• more than 16,000 pipe segments ranging in diameter from 2 to 16 inches (5 cm to 40 cm) and comprising a total service length of 482 miles (776 km);
• 20 groundwater extraction wells (eight well fields) with a rated capacity of 16,550 gal min − 1 (62,642 Ml min − 1 );
• 12 pumps;
• three elevated and six ground-level storage tanks with a combined rated storage capacity of 7.35 Mgal (27.82 Ml); and
• total annual production of 3,783 Mgal (14,319 Ml), which included the production of about 13.9 MGD (52.6 Ml day − 1 ) during the peak production month of June.
Details pertaining to the configuration of the water distribution system serving the Dover Township area, throughout the historical period , are provided in numerous tables and appendices in Maslia et al. (2001) . Table 1 .
Hydraulic modelling

Representation of wells, storage tanks and pumps
Two methods exist for supplying water to the water distribution system serving the Dover Township area. In the first method, groundwater wells were operated to supply demand by discharging water directly into the distribution system (e.g. wells 13-15, Figure 1 , Part A). In 1968 pumps were added to the distribution system. From that year forward, some wells supplied storage tanks (e.g. Holly is shown in Figure 1a . This was the method used to represent the supply of water during simulation and calibration of the present-day (1998) water distribution system (Maslia et al. 2000a, b) , and hereafter is referred to as the 'well-storage tank-pump' or WSTP simulation method.
Using this method to simulate the supply of water to the distribution system requires the following information:
• known operating schedules for water supply well on-and-off cycling;
• observed storage tank water-level variations;
• realistic pump-characterstic curves; and • known operating schedules for the on-and-off cycling of pumps.
Because data describing this information were available for the present-day system, simulation and calibration of the 1998 water distribution system was accomplished by using the WSTP simulation method (Maslia et al. 2000a, b) . Hourly operations data for the historical water distribution systems were limited and, for most of the systems, such data were not available (Table 1) . Additionally, it was the historical supply of water distributed to pipeline locations that was of importance to the epidemiological study, rather than the specific hourly operation of the WSTP combination. In order to simplify the simulation of the WSTP combination and, thus, reduce data requirements for simulation, a method of idealizing the WSTP combination was developed, designated the 'supply-node-link' or SNL simulation method (Figure 1b) . The SNL method eliminated the need for including the storage tank and pump combinations in the historical simulations.
To replace the WSTP method with the SNL method using EPANET2, the WSTP system was idealized as shown in Figure 1b . Ideally, if measured hourly data for the pumps were available for the historical water distribution systems, the total flow in surrogate link K over a 24-hour period (Figure 1b) would be equal to the total flow through link J over a 24-hour period from pumps P 1 and P 2 ( Figure 1a) . Accordingly, flow supplied to the distribution system by the supply nodes to meet demand (S 1 , S 2 and S 3 in this example, Figure 1b) should be equal to the flow that would have been supplied by the pumps (P 1 and P 2 shown in Figure 1a ). Using the SNL simulation method, the hourly variation in supply over a 24-hour period was simulated in EPANET2 by adjusting the pattern factors, previously described in Part A of this paper (this issue). Owing to brevity and space limitations, specific details describing the derivation of the SNL simulation method are not provided herein, but can be found in Maslia et al. (2001) . However, to demonstrate that the idealized SNL simulation method supplies the distribution system with an equivalent amount of water when compared with the 'real-world' WSTP simulation method, both simulation methods were applied to the present-day (1998) water distribution system for con- The results obtained using both the WSTP and the SNL methods produce nearly identical simulated flows.
Total simulated supply to the distribution system from the Model parameters include supply well on-and-off cycling schedules simulated by using pattern factors in EPANET2 and starting water levels in storage tanks.
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Data from Richard Ottens, Jr, Production Manager, United Water Toms River, Inc., written communication to Morris L. Maslia, 1998. 5 Refer to Maslia et al. (2000a) .
Holly facility over a 48-hour period using the SNL method 
Water quality modelling
EPANET2 has the ability to compute the percentage of water reaching any point in the distribution system over time from a specified location (source) in the network: the 'proportionate contribution' of water from a specified source. To estimate the proportionate contribution of water, a source location is assigned a value of 100 units. 
HISTORICAL RECONSTRUCTION ANALYSIS USING MANUALLY ADJUSTED PATTERN FACTORS (BASE CONDITIONS)
Through an extensive field investigation and data collection effort, initial EPANET2 input files were developed for each month of every year of the study period . In these input files, the water supply strategy for system operations was developed by manually adjusting pattern factors of the supply wells and surrogate supply nodes. The specific pressure and storage tank water level constraints used in these data files were also recorded and The sum of the proportionate contribution of water from all wells and well fields to any pipeline location should be 100%. Because of numerical approximation and round-off, however, the total contribution from all wells and well fields may sum to slightly less or slightly more than 100% at some locations. Such results are expected when using numerical simulation techniques. In the historical reconstruction analysis conducted for the water distribution system serving the Dover Township area, the sum of the proportionate contribution results at any location, for all historical simulations, ranges from 98% to 101%.
HISTORICAL RECONSTRUCTION ANALYSIS USING POGA Simulations using POGA
To evaluate the models and the algorithm proposed in Part A of this paper(this issue), the integrated system of POGA and EPANET2 was applied to the water distribution system serving the Dover Township area to reconstruct the historical monthly water supply strategy. After the application of POGA and EPANET2 to the monthly data, an optimized EPANET2 input data file (the EPANET2 '.inp' file) was generated for the purpose of subsequent analyses.
The optimized EPANET2 input data files represent the optimal water supply strategy for each month. The optimized water supply strategy results in much smaller objective function values when compared with the objective function value of the initial water supply strategy developed using the manual adjustment process. In this paper, due to space limitations, we will discuss results of optimal patterns and the alternative patterns generated from the application of POGA, for two months (May 1962 and October 1996) as two typical cases. We also present selected results from sensitivity analyses. The numerical results obtained for the complete set of historical simulations and comprehensive sensitivity analyses are published in the final report .
Parameter setting
The EPANET2 and POGA integrated system requires two categories of parameters: water distribution system parameters and POGA parameters. According to the pressure requirements for the Dover Township water distribution system, the minimum pressure limit, P min , was selected as 15 pounds per square inch (psi) (10 N cm − 2 ), and the maximum pressure limitation, P max , was selected as 110 psi (75.8 N cm − 2 ). The penalty coefficient for water level violation in a tank in Equation (9) (see Part A of this paper, this issue), a T , was selected to be 1.0 and the penalty coefficient for the initial water level violation in a tank in Equation (11) (see Part A of this paper, this issue), a TI , is selected to be 5,000. The selection of these penalty coefficients may affect the optimization results because the objective function is dependent on these coefficients.
The larger the penalty coefficients a T and a TI are, the more the water level violation in the tanks weighs in the objective function. Other GA parameters used in POGA are listed in Table 2 .
Optimal patterns
The optimal patterns are calculated using two data sets.
The first data set represents the water distribution system serving the Dover Township in May 1962, which con- The water pressure as a function of time in a 1-day period for junction #3,399 and #4,627 clearly shows that the optimized dataset is much better than the initial dataset in terms of water pressure violation as shown in
Figures 6 and 7. Using the initial patterns, the water pressure at junction #3,399 is lower than the lower pressure limit (15 psi, 10 N cm − 2 ) from 0800 to 1200 hours and from 2200 to 2400 hours. However, using the optimal patterns, the water pressure at that junction is always higher than the lower pressure limit (15 psi, 10 N cm − 2 ). 
Similarly, the water pressure at junction #4,627 is lower than 15 psi (10 N cm − 2 ) from 0600 to 1400 hours using the initial patterns, while the water pressure is higher than 15 psi (10 N cm − 2 ) all the time using the optimal patterns.
For both the initial and the optimal patterns, the water level in the Horton Street tank and standpipe stays within its lower level and upper level limits at all times, and the water level in the tank at the beginning of the day equals that at the end of the day for this case as shown in Figure   8 . However, the tank operates with a higher water level using the optimal patterns than that using the initial patterns.
The second dataset represents the water distribution system serving the Dover Township area in October 1996.
This network shows significant development and now This situation should be prohibited in real operation of the water system distribution. In contrast, the water pressure at the junction stays within the lower pressure limit and upper pressure limits at all times using the optimal patterns ( Figure 11) . A similar result can be seen from Figure   12 for junction #55,022.
The water level in the tank is within its lower level and upper level limits at all times for both the initial and the optimal patterns, which is enforced by the EPANET2 water distribution system model as shown in Figures (Figure 13 ). In the reconstruction simulation, the optimal patterns selected will be continuously operated for 1,200 h. Even though the difference in water levels in a tank between the beginning and end of the day is small, the long-term simulations may result in a large difference in the water level in the tank between the beginning and the end of the simulation period. This may affect the flexibility of the patterns, and create negative pressures at junctions and cause water delivery problems. This is the reason why the penalty coefficient for this term is selected to be large compared with other terms in the objective function.
Selection of alternative patterns
As described in Part A of this paper (this issue), the reconstructed water supply strategy to operate the water 
Computational efficiency
In POGA, the computation cost consists of two parts. used to solve this problem, the population size should be set as 50 and the number of generations should be set to at least 20. The total computational time T would be at least (50 × 20 × t = 10,000 s = 2.8 h). In POGA, the optimization problem is divided into 23 sub-problems during each iteration. The number of variables in the sub-problem reduces to the number of water supply wells. In the case of the 1996 simulation, it is 20. Therefore, we can choose a small population size and generations to reduce the computational cost. Furthermore, the equality constraints cannot be easily handled as they are treated in POGA, if GA is directly applied to this problem.
SENSITIVITY ANALYSIS
Model parameter uncertainty and variability may occur because of spatial and temporal variability of data, incomplete or missing data, or measurement errors. Sensitivity analyses are typically conducted as part of a model calibration process to assess changes in simulation results when adjustments or modifications are made to certain model parameters (Walski et al. 2001) . Sensitivity analyses conducted as part of the historical reconstruction of water distribution system operations were designed to assess contribution results. The constraints subjected to variations were (Table 3): • pattern factors assigned to supply nodes (operational variation in value and time of day);
• minimum pressure requirements at model nodes; and • allowable storage tank water level differences between starting and ending time of a simulation (hour 0 and 24, respectively).
It is important to note that, in Table 3 , sensitivity analysis SENS0 represents the differences in the supply of − 2 ); difference between storage tank starting and ending water level in a 24-hour period, 0.0 ft (0.0 m)
SENS1
Alternative well and supply node pattern factors that are not as optimal as simulation SENS0, but still provide a system operation that satisfies constraints. Minimum allowable pressure, 15 psi (10 N cm − 2 ); maximum allowable pressure, 110 psi (75.8 N cm − 2 ); difference between storage tank starting and ending water level in a 24-hour period, 0.0 ft (0.0 m)
SENS2
Minimum allowable pattern factor, 0.25; minimum allowable pressure, 15 psi (10 N cm − 2 ); maximum allowable pressure, 110 psi (75.8 N cm − 2 ); difference between storage tank starting and ending water level in a 24-hour period, 0.0 ft (0.0 m)
SENS3
Minimum allowable pattern factor, 0.75; maximum allowable pattern factor, 1. The bases of comparison for all sensitivity analyses (SENS0-SENS7) are proportionate contributions derived using the manual adjustment of pattern factors described in the 'Historical reconstruction analysis using manually adjusted pattern factors (base conditions)' section. 
CONCLUSIONS
In this study, we formulated the reconstruction of water supply strategies in the water distribution system as an optimization problem. In the model developed, we selected the pumping rates of water supply wells as decision variables, and penalty functions were assigned to the (Costas et al. 2002; NJDHSS 2003) . 
